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Abstrat
When a top quark deays there is a large amount of angular orrelation, in its
rest frame, between its spin orientation and the diretion of ight of the harged
lepton from its deay. In this letter we investigate the prospets of measuring
this angular orrelation using the MCNLO framework. The strength of the
orrelation is investigated for dierent spin bases. The robustness against vari-
ations of PDF sets and unertainties, fatorization sale dependene, enter-
of-mass energy, and the jet Rparameter, is also examined.
1 Introdution
Due to its very large mass the relevant time sale for the deay of a top quark is
so short that QCD interations do not alter the spin orientation. Consequently the
top quark deays with the spin it was born with. This makes single top prodution
a valuable soure of information when studying the oupling between a fermion and
a vetor boson. In order to extrat this information, however, suitable observables
must be identied. The angular orrelation between the spin orientation of the top
and the harged lepton from its deay is suh an observable. The strength of suh
orrelations depends on the degree of polarization of the top quarks. By means of
single top prodution it is possible to ollet samples of highly polarized top quarks.
The amount of polarization depends, however, on the hoie of the top spin quan-
tization axis. As we shall see, it is possible to hoose spin bases in whih the top
quarks are strongly polarized.
The t-hannel (sometimes alled the Wg-fusion hannel) is predited to be domi-
nant at the LHC, with a ross setion ∼250 pb, ompared to the s-hannel proess
with ∼15 pb and the Wt assoiated prodution with ∼60 pb. In Wt assoiated
1
prodution the single top is produed together with the W -boson with the dominant
initial-state onguration being bg. The study of angular orrelations in Wt assoi-
ated prodution is hallenging due to the presene of interferenes (at next-to-leading
order (NLO) in the Wt ase) with ertain tt¯ nal-states [1, 2℄.
Measuring the s-hannel prodution mode at the LHC will be very diult due to its
small ross setion. As we shall disuss the angular orrelations require identifying
the diretion of isospin −1/2 fermions (d-type quarks and harged leptons). The
measurement of angular orrelations in the s-hannel is umbered by the fat that
the LHC is a protonproton ollider whih means that neither of the inoming beams
provide a opious soure of d¯-quarks. This makes it more diult to hoose a basis
in whih the top quarks are strongly polarized [3℄.
Experimentally, it will be hallenging to measure the angular orrelations. The kine-
matial frames in whih the orrelations are measured (inoming parton enter-of-
mass frame, top rest frame et.) will have to be reonstruted on an event-by-event
basis, using the available information (energies and 3-momenta of the harged lepton
and spetator jet, energy onservation in the transverse plane) as well as assumptions
regarding the deay of the top (on-shell deay or using a deay width) and the top
mass. Unertainties will therefore be playing a signiant role and preditions of
high preision are a neessity.
In this letter we therefore fous on t-hannel prodution. We onstrain ourselves to
investigating the angular orrelations in the top rest frame and we do not take any
detetor eets into aount. In our study of the angular orrelations we have used
the MCNLO framework [4℄. Single top s- and t-hannel prodution with the inlu-
sion of angular orrelations were inluded in MCNLO some time ago [5, 6℄, making
MCNLO suitable for our study. The results presented here are thus aurate to
NLO
1
, both with respet to real and virtual orretions, using leptoni deays of the
top/anti-top
2
, and hadronization eets are also taken into aount. While a study
of angular orrelations in t-hannel single top prodution inluding detetor eets
has been performed (see [7℄) ours uses an NLO event generator to aurately assess
how the angular orrelations depend on various parameters relevant for the LHC.
We start out by reviewing two dierent hoies of spin quantization bases in Se-
tion 2 whih will be based on the denitions given in [8℄. We then proeed to present
numerial results in Setion 3. In partiular we shall look at single top and anti-top
prodution separately as these prodution modes are not symmetri at the LHC. We
also investigate the robustness of the orrelations against hanging the parton dis-
tributions funtions (PDF's), varying the fatorization sale and taking PDF errors
1
Virtual orretions are not inluded in the deay of the top.
2
By leptoni deay we here mean the following: t→ b+W{→ l+ + ν}
2
into onsideration, lowering the enter-of-mass energy and varying the Rparameter
of the spetator jet. The results are summarized in tables given at the end of this
letter. Finally, we give our onlusions in Setion 4.
2 Angular Correlations in the t-hannel
We onsider a situation where the top quarks an be in a spin up or a spin down
state and assume that the top deays into a nal state onsisting of a b-quark, a
harged lepton and a neutrino (the latter two are deay produts of the intermediate
W -boson). The dierential deay rate then beomes [9℄:
1
Γt
dΓ
d cos θ
=
1
2
(1 +A↑↓ · s · cos θ) (1)
where θ is the angle between the harged lepton and the top spin quantization axis
in the top rest frame, Γt is the total deay width of the top, s is the orrelation oef-
ient, A↑↓ ≡ (N↑−N↓)/(N↑+N↓) is the spin asymmetry and N↑/↓ is the number of
spin up-/down top quarks. The orrelation oeient s is 1 for harged leptons and
d¯-type quarks (d-type for anti-top prodution), i.e. there is 100% orrelation in those
ases. The spin asymmetry is basis dependent with A↑↓ = 1 in a basis where the top
quarks would be 100% polarized. The fat that the d¯-/d-type quarks are maximally
orrelated with the top/anti-top quarks in top/anti-top deays implies, by rossing
symmetry, that the d¯-/d-type quarks present in either initial- or nal-state in single
top prodution also are maximally orrelated to the top. This is the reason why the
spetator basis and the beamline basis, whih are introdued and desribed in large
detail in [8℄, are good andidates for top spin quantization bases. In the following
we give a brief introdution to the two bases.
2.1 Spetator Basis
Prior to the deay of the top the nal-state in t-hannel single top prodution onsists
of top, a b-quark (from gluon-splitting in the initial-state) and a spetator quark/jet
(see Fig. 1). In about 80% of the time the spetator quark is a d-type, mainly due
to the large abundane of valene u-type quarks in the initial state. Thus, hoosing
the diretion of the spetator jet as quantization axis ensures that the top quarks
will be strongly polarized.
In the ase of anti-top prodution the situation is somewhat dierent. There is only a
d-type quark in the nal-state about 31% of the time, whih suggests that hoosing
3
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Figure 1: Single top t-hannel diagram.
the spetator diretion is not an appropriate hoie in the ase of anti-top quark
prodution. However this is not quite the ase. The spetator quark is essentially
a quark being sattered o a W -boson and the deetion is rather limited, i.e. the
inoming d-type quark is nearly aligned with the outgoing spetator. Therefore
the spetator basis still provides a basis in whih there should be a large degree of
polarization and, therefore, angular orrelations. We shall see this onrmed in the
next setion by numerial results.
2.2 Beamline Basis
The dominant initial state for single anti-top prodution is one with a d-type quark.
Therefore, hoosing the diretion of the beamline ontaining the d-type quark as top
spin quantization axis provides a highly polarized sample of top quarks and strong
angular orrelations between the diretion of the beamline and the diretion of ight
of the harged lepton. Sine the spetator quark/jet in general is only deeted a
little from the diretion of the inoming beam we an use the pseudo-rapidity of the
spetator-jet to determine whih beamline to hoose as quantization axis. In order
to determine the beam providing the d-type quark that shares the vertex with the
spetator jet, a seletion riteria is applied, using the spetator jet pseudorapidity
3
:
if ηj1 > 0 then hoose the right-moving beam as spin axis and if ηj1 < 0 then hoose
the left-moving beam.
The beamline basis provides a highly polarized sample of anti-top quarks [8℄. It is,
however, also suitable for top quarks where the degree of polarization is almost as
high. This will be onrmed numerially in the next setion.
3
The beams are, in general, not bak-to-bak in the top quark rest frame.
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Figure 2: Pseudorapidity of the hardest (non-b) jet for single top (left) and single
anti-top prodution (right).
3 Numerial Results
With the denitions in the previous setion we are now able to present results pro-
dued by using MCNLO. We divide our results in two main parts. The rst om-
prises the results (whih we here all the default results) for single top and anti-top
prodution at the LHC, i.e. ppollisions at
√
S = 14 TeV. The preditions are ob-
tained using the CTEQ66 PDF set [10℄ and as parameters we used mt = 173.1 GeV,
Γt = 1.4 GeV. The spetator jet is established using the kTlustering algorithm [11℄,
with d
ut
= 100 GeV2. The lustering inludes all stable nal-state hadrons and pho-
tons. It is assumed that the top deays into a b-quark and W -boson, the latter
deaying into a harged lepton (an e or a µ), a neutrino, and a b-quark. For eah
hoie of basis we ompare single top and anti-top prodution.
In the seond part we investigate the eets of 1) hanging the PDF's, varying the
fatorization sale (µF ) and assessing the impat of PDF errors, 2) varying the enter-
of-mass energy of the olliding hadrons and 3) varying the Rparameter of the jet
(using the kT -lustering algorithm), whih amounts to varying the thikness of the
jet. The results in the seond part are shown for single top prodution only, being
dominant over anti-top prodution at the LHC.
The hardest (non-b) jet in the nal state is likely to oinide with the spetator
jet most of the times. In Fig. 2 the pseudorapidity η of the hardest (non-b) jet is
shown for top and anti-top prodution, respetively. For both the top and anti-top
prodution we see that dσ/dη peaks onsiderably around |η| ∼ 3, orresponding
to an angle of about 5
◦
. In the ase of single anti-top prodution we observe a
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somewhat larger distribution around η = 0 than in the single top ase. This means
that there are more events where the spetator jet has more transverse momentum,
whih, in turn, suggests that the deetion away from the diretion of the beamline
is more probable. Therefore single anti-top quarks will be slightly less polarized in
the spetator basis than single top quarks. Below we nd that this is, in fat, the
ase. The plots in Fig. 2 also suggest that plaing a ut on |ηj1| > ηut = 2.5 will
lead to an improvement in the degree of polarization for the beamline basis sine the
least forward of the jets will be left out.
In Fig. 3 we show the angular orrelations for the spetator basis, the beamline
basis and the beamline basis with |ηj1 | > 2.5 (the dotted line). The angle θ is
dened as for Eq.(1). Although the dierenes appear to be small, we see that the
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Figure 3: Angular orrelation in single top (left) and single anti-top (right) produ-
tion.
orrelations are strongest for the spetator basis and the beamline basis with a ηj1-ut
as ompared to the beamline basis without uts. In order to quantify the dierenes
we use a linear t to extrat the polarization. The top deay distribution is given in
Eq.(1) and we thus see that a linear t of the form au + b, where u = cos θ, to the
distribution will yield the parameters a and b. Aording to Eq.(1) we must have
a = sA↑↓ = s(N↑ − N↓)/(N↑ + N↓), i.e. the spin asymmetry times the orrelation
fator. Using the spin asymmetry, and assuming s = 1, it is possible to obtain the
6
degrees of polarization
4
:
Pt =
1
2
(sA↑↓ + 1)|s=1 = 1
2
(
N↑ −N↓
N↑ +N↓
+ 1
)
=
N↑
N↑ +N↓
, (2)
Pt¯ =
1
2
(−sA↑↓ + 1)|s=1 = 1
2
(
N↓ −N↑
N↑ +N↓
+ 1
)
=
N↓
N↑ +N↓
. (3)
As a third measure we dene the asymmetry (as done in [12℄):
At/t¯ =
σ(α ≤ cos θt/t¯l < β)− σ(β ≤ cos θt/t¯l < γ)
σ(α ≤ cos θt/t¯l < β) + σ(β ≤ cos θt/t¯l < γ)
(4)
where α, β, γ ∈ [−1 : 1] and α < β < γ. For the ase without uts we use α = −1,
β = 0 and γ = 1, while for the ases where uts have been applied we use α = −1,
β = −0.2 and γ = 0.6. For the plots where kinematial uts have been applied At/t¯
will be the only (indiret) measure of the orrelations. This is due to the fat that
the uts make the distributions less smooth, while for large θ there is a ut-o, whih
makes any attempt of tting very empirial.
Using these denitions we summarize the numerial results in Tables 1 and 2. The
spetator basis seems to be somewhat favored in the ase of single top prodution
while the beamline with an ηj1-ut is better in the ase of single anti-top prodution.
This is thus in good aordane with what has been found in [8℄ and the rapidity
plots in Fig. 2.
In order to make slightly more realisti preditions we next onsider the following
uts (orresponding to the uts in [8℄):
b-uts: |ηb| < 2.5, pT,b > 50GeV,
harged lepton uts: |ηl| < 2.5, pT,l > 20GeV,
spetator jet uts: 2.5 < |ηj1| < 5, pT,j1 > 50GeV,
other uts: pT,ν > 20GeV.
As an be seen in Fig. 4 the uts redue the ross setion at very small angles, i.e.
for cos θ → 1. The orresponding asymmetries are alulated using the formula in
Eq.(4) and listed in Table 3.
We now proeed with the seond part. The only numerial results we present here
are the top polarizations, i.e. we do not present asymmetries nor spin asymmetries.
4
In fat it has been assumed that s = 1 for all the numerial results presented in Tables 1-8.
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Figure 4: Angular orrelation in single top (left) and single anti-top (right) produ-
tion when uts are applied (see text).
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Figure 5: Angular orrelation in single-t prodution using three dierent PDF sets.
The left plot is made using the spetator basis while the right plot using the beamline
basis with |ηj1| >2.5.
In eah senario we onsider both the spetator basis and the beamline basis with
|ηj1| >2.5.
We begin with examining how muh the hoie of a partiular PDF set aets
the polarization. For this purpose we ompare results from runs with the CTEQ66
(default), the MSTW2008nlo [13℄ and the Alekhin vfn [14℄ sets (all NLO). All other
parameters are the same as in the rst part. The results are shown in Fig. 5. The g-
ures reveal no partiular dierene whih is onrmed by the orresponding numbers
in Table 4. In the beamline ase with |ηj1| >2.5 there are no qualitative dierenes
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Figure 6: Figures showing the PDF error bands for the CTEQ66 PDF set. The
left plot is for the spetator basis while the right plot is for the beamline basis with
|ηj1| >2.5.
between the three sets and for the spetator basis we see that the dierenes between
the three sets lie well within one perent.
The dependene of the top polarization on the fatorization sale, µF , for eah of
the PDF sets is shown in Table 5. We see that the polarization is almost stable with
respet to µF . For a given PDF set we see that the dierene in polarization for the
three dierent values of µF is ontained well within 1%, both for the spetator basis
and the beamline basis with |ηj1| >2.5.
In Fig. 6 the PDF error bands for the default (CTEQ66) PDF set are shown. The
slopes of both the upper- and lower boundary are dierent from the slope of the
urve orresponding to the entral value, leading to a one-shaped error band. The
dierent slopes are used to determine the unertainty of the polarization due to the
PDF errors. In Table 6 the default (CTEQ66) polarizations are shown with the
orresponding PDF errors whih are seen to be ontained within 3%.
Until now all the results presented in this letter are based on the assumption that the
enter-of-mass energy of the olliding hadrons is 14 TeV. Experiments at the LHC
will, however, begin at lower energies [15℄. It is thus interesting to nd out how the
angular orrelations depend on the CM energy. In Fig. 7 we show the orrelations
for
√
S =14 TeV (default),
√
S =10 TeV and
√
S =5 TeV respetively. The orre-
lation urves reveal no visible variation with respet to
√
S whih is supported by
the numbers in Table 7. We onlude that the orrelations are stable with respet
to the enter of mass energy. This is to be expeted sine
√
S = 5 TeV is already
well above prodution threshold.
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Figure 7: Angular orrelation for three dierent values of the enter-of-mass energy.
The left plot is for the spetator basis while the right plot is for the beamline basis
with |ηj1| >2.5.
In establishing the spetator jets we used the kT -lustering jet algorithm. It is
possible to dene a so-alled jet radius, R, as done in [16℄ i.e.:
di = p
2
T,iR
2
(5)
whih is similar to the radius of the jet one in the one algorithm. Sine the hoie
of spin quantization axis of the top depends ruially on the spetator jet kinematis,
regardless whether the spetator or the beamline basis is hosen, we investigate how
the orrelation behaves with respet to the Rparameter. This is shown in Fig. 8.
The numbers (see Table 8) show the same trend for both the spetator basis and the
beamline basis: the polarization dereases when the radius beomes smaller. However
the derease in polarization is small despite a rather large variation of R ∈ [0.4; 1]
and hene the orrelations seem robust with respet to R.
4 Conlusions
Using the MCNLO framework we have investigated the prospets of observing an-
gular orrelations
5
in the t-hannel of single top and anti-top prodution at the LHC.
This is the rst study, to our knowledge, done using an event generator aurate to
NLO and mathed appropriately to MC parton showers.
5
We have not estimated statistial errors in this paper.
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Figure 8: Angular orrelation for four dierent values of R. The left plot is for the
spetator basis while the right plot for the beamline basis with |ηj1| >2.5.
We have showed, in aordane with [8℄, that both the spetator basis and the beam-
line basis dene ensembles of highly polarized top quarks in the t-hannel. Compar-
ing single top and anti-top prodution in the t-hannel we found that for single top
prodution and deay the orrelations are strongest when using the spetator basis
and the beamline basis with |ηj1| >2.5. For single anti-top prodution and deay the
beamline basis with the ηj1-ut is slightly the better hoie leading to the highest
degree of polarization. The overall qualitative dierenes are small, however, and
ontained within a ouple of perent.
In this letter we have illustrated that the angular orrelations and amount of top
polarization are largely unaeted by hanging the PDF set and by a lowering of
the enter-of-mass energy, provided the energy is well above prodution threshold.
The dependene on the fatorization sale was shown to be weak and the PDF errors
were shown to lead to unertainties of less than 3% for the polarization. Also, we
investigated the impat it has on the angular orrelations when the Rparameter is
hanged in the kT -jet lustering algorithm. We found that the orrelations beame
weaker when R was diminished. It should, however, be pointed out that despite
rather large variations of R the orrelations remained strong. We thus onlude that
the orrelations are robust with respet to the Rparameter.
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Tables
Table 1: Asymmetries, spin-asymmetries, and degrees of polarization for t-hannel
single top prodution orresponding to three hoies of spin quantization bases. (see
left plot in Fig. 3.)
Basis At
(
N↑−N↓
N↑+N↓
)
t
Pt
Spetator -0.459 0.923 ± 0.006 96.16% ± 0.30% ↑
η-bml -0.414 0.823 ± 0.006 91.15% ± 0.32% ↑
η-bml w. η-ut -0.462 0.914 ± 0.008 95.68% ± 0.38% ↑
Table 2: Asymmetries, spin-asymmetries, and degrees of polarization for t-hannel
single anti-top prodution orresponding to three hoies of spin quantization bases.
(see right plot in Fig. 3).
Basis At¯
(
N↑−N↓
N↑+N↓
)
t¯
Pt¯
Spetator -0.438 -0.882 ±0.006 94.10% ± 0.32% ↓
η-bml -0.420 -0.837 ±0.007 91.87% ± 0.33% ↓
η-bml w. η-ut -0.470 -0.936 ± 0.008 96.82% ± 0.41% ↓
Table 3: Asymmetries of the plots in Fig. 4.
Basis At At¯
Spetator -0.608 -0.572
η-bml -0.583 -0.570
Table 4: Degrees of polarization orresponding to three dierent hoies of PDF sets.
PDF set Spetator basis Beamline basis w. |ηj1| >2.5
CTEQ66 96.16% ± 0.30% ↑ 91.15% ± 0.32% ↑
MSTW2008nlo 95.28% ± 0.38% ↑ 91.01% ± 0.40% ↑
ALEKHIN vfn 95.81% ± 0.30% ↑ 91.36% ± 0.32% ↑
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Table 5: Degrees of polarization orresponding to three dierent PDF sets and three
dierent values of the fatorization sale.
Spetator basis
µF/mt CTEQ66 MSTW2008nlo AlekhinNLOvfn
0.5 95.34% ± 0.30% ↑ 95.75% ± 0.32% ↑ 95.84% ± 0.30% ↑
1 96.16% ± 0.30% ↑ 95.91% ± 0.31% ↑ 95.81% ± 0.30% ↑
2 96.11% ± 0.30% ↑ 96.83% ± 0.34% ↑ 96.21% ± 0.30% ↑
Beamline basis w. |ηj1| >2.5
µF/mt CTEQ66 MSTW2008nlo AlekhinNLOvfn
0.5 95.33% ± 0.39% ↑ 95.39% ± 0.40% ↑ 95.42% ± 0.38% ↑
1 95.68% ± 0.38% ↑ 95.72% ± 0.39% ↑ 95.59% ± 0.38% ↑
2 95.75% ± 0.38% ↑ 96.50% ± 0.42% ↑ 96.13% ± 0.38% ↑
Table 6: Degrees of polarization orresponding to the entral value (default) with
PDF errors.
Spetator basis Beamline basis w. |ηj1| >2.5
CTEQ66 96.16
+1.70
−2.03 % ± 0.30% ↑ 95.68+2.46−2.19% ± 0.38% ↑
Table 7: Degrees of polarization orresponding to three dierent enter of mass
energies,
√
S.√
S (TeV) Spetator basis Beamline basis w. |ηj1| >2.5
14 96.16% ± 0.30% ↑ 95.68% ± 0.38% ↑
10 96.02% ± 0.28% ↑ 95.99% ± 0.36% ↑
5 95.98% ± 0.24% ↑ 96.48% ± 0.36% ↑
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Table 8: Degrees of polarization orresponding to four dierent values of the jet
Rparameter.
R Spetator basis Beamline basis w. |ηj1| >2.5
1.0 96.16% ± 0.30% ↑ 95.68% ± 0.38% ↑
0.8 95.27% ± 0.28% ↑ 95.31% ± 0.36% ↑
0.6 94.51% ± 0.26% ↑ 94.88% ± 0.34% ↑
0.4 93.73% ± 0.25% ↑ 94.55% ± 0.33% ↑
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